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10 Abstract In this contribution, we study a new mechanism of the formation of
11 PCDD/F polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
12 (PCDD/F) from chlorinated toluenes, using quantum chemical calculations. Path-
13 ways involving 2-chlorotoluene incur high activation barriers which diminish its
14 direct role in the formation of PCDD/F. Alternatively, the 2-chlorobenzyl and
15 2-methylphenoxy radicals, which are important intermediates in the early stages of
16 the 2-chlorotoluene oxidation, yield PCDD/F through a less energy demanding
17 pathway. The proposed mechanisms resemble the well-established pathways for the
18 oxidative coupling of chlorinated phenols. It is predicted that the presence of an
19 ortho methyl-bearing site facilitates initial coupling over that of an ortho chlorine-
20 bearing site. Furthermore, chlorinated toluenes may initially oxidize to phenoxy and
21 phenolic-intermediates to form PCDD/F. Results presented herein should be
22 instrumental for gaining a better understanding of general formation routes of
23 PCDD/F.
245
26 Introduction
27 Polychlorinated dibenzo-dioxin and dibenzofurans (PCDD/Fs) are notorious
28 persistent organic pollutants. Their adverse effects on human health as well as on
29 the environment is very well established [1]. PCDD/Fs are produced as unwanted
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30 products in almost all thermal system when a source of chlorine is present [2]. They
31 are formed along three major corridors; namely coupling of gas-phase precursors,
32 burn off of fly ash (i.e., de novo process) and catalytic-assisted condensation of
33 precursors [3]. The homogeneous pathway constitutes reaction of structurally
34 related precursors typically operates in the temperature window between 400 and
35 800 C. Various compounds, as simple as chlorinated C1–C3 [4] species and as
36 complex as pesticides [5], can act as potent precursors during the homogenous
37 formation of PCDD/Fs. The most widely investigated compounds are chlorinated
38 monocyclic aromatic compounds such chlorobenzenes and chlorinated phenols. The
39 foremost steps in the homogenous formation of PCDD/F from structurally related
40 precursors involve self-condensation of the precursors forming direct intermediates,
41 cyclisation of the initial intermediates to produce PCDD/F and chlorination/
42 dechlorination reactions [6]. In fact, the chemistry underlying the oxidative coupling
43 of chlorophenoxy radicals/chlorophenols leading to the formation of PCDD/F has
44 been thoroughly investigated [3]. The overall yield of PCDD/Fs in the gas phase
45 depends on various operational factors especially, oxygen concentration, temper-
46 ature, and the chlorine load. Subsequent chlorination/dechlorination reactions affect
47 significantly the final homologue distribution of PCDD/Fs congeners [3].
48 While the role of various precursors in the formation of PCDD/Fs have been
49 extensively investigated over the last few decades, the potentials of many other
50 chlorinated substituted benzene compounds have not been fully elucidated. In this
51 regard, toluene (C6H5CH3) is produced in appreciable concentrations in many
52 combustion processes such as coal utilization and incineration of solid municipal
53 wastes [7]. Toluene is also a major emission pollutant from motor vehicles and
54 petrol refineries [8]. Based on the appreciable concentration of toluene and its
55 chlorinated congeners [9] in many thermal systems, these may serve as building
56 blocks for the formation of PCDD/F in analogy to the production of PCDD/Fs from
57 chlorophenols. To our knowledge, chlorinated toluene has never been put forward
58 as a significant precursor for the formation of PCDD/F. To this end, we report in this
59 study a theoretical insight into pathways of the formation of PCDD/Fs from toluene,
60 chlorotoluene and their derived benzyl radicals.
61 Computational details
62 Electronic structure calculations were carried out with the Gaussian 03 suite of
63 programs [10]. Optimized geometries and harmonic vibrational frequencies of all
64 structures were calculated using the density functional theory of B3LYP [11] with
65 the basis set of 6-311 ? G(2d,p) [12] with final energies refined by performing
66 single point energy calculations at the theoretical level of B3LYP/GTLarge [13].
67 The stationary points located were either minima or transition states (TS)
68 determined by analysis of the vibrational frequency, where first order saddle points
69 contain one and only one imaginary frequency along the reaction coordinate.
70 Intrinsic reaction coordinate calculations were carried out when necessary to match
71 the transition structures with their reactants and products. Calculations of pressure-
72 dependent reactions rate constants were carried out according to the RRKM/ME
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73 theory [14] as implemented in the ChemRate code [15]. Values of Lenard-Jones
74 parameters were adopted from the benzylperoxy system [16]; k/e = 7.0 A˚ and
75 r = 500 K. The utilized bath gas is Ar with collisional energy transfer is described
76 with an DEdown value at 650 cm
-1.
77 Results and discussion
78 Formation of direct precursors for the formation of PCDD/F from the oxidation
79 of chlorinated toluenes
80 As a representative compound for chlorinated toluenes, we calculated bond
81 dissociation energies (DE at 0 K) for the three distinguishable bonds in 2-chloro-
82 toluene (C6H4ClCH3, 2-CT) molecule as:
C6H4ClCH2 2-chlorobenzylð Þ þ H DE ¼ 86:0 kcal=mol
84 2 CTð Þ ! C6H4CH3 2-methylphenylð Þ þ Cl DE ¼ 89:8 kcal=mol
86 C6H4ClCH3 2-methyl-3-chlorophenylð Þ þ H DE ¼ 111:8 kcal=mol
8788 Accordingly, the formation of the resonance-stabilized structure of 2-chloroben-
89 zyl is slightly preferred over the rupture of C–Cl bond. Thus, a peroxy adduct of
90 2-chlorobenzyl is produced in the early stages of the oxidation of the 2-CT
91 molecule. Further decomposition of this adduct is investigated based on the
92 mechanism for the unimolecular decomposition of benzylperoxy [16]. Fig. 1 shows
93 the plausible exit pathways for the decomposition of 2-chlorobenzyl peroxy adduct
94 (P1).
95 As illustrated in Fig. 1, the unimolecular isomerization of P1 branches into four
96 channels. In the first channel, bridging of the outer oxygen atom of the peroxy group
97 across the benzene ring requires 36.1 kcal/mol of activation energy (via TSP1).
98 A C–C bond fission through TSP3 with a modest reaction barrier yield the
99 2-chlorophenoxy radical in a well-depth of 45.8 kcal/mol. The second channel
100 involves the direct rupture of the O–O peroxy bond and it is found to be endoergic
101 by 59.5 kcal/mol. While this channel is expected to be of negligible importance at
102 low temperature, the P2 moiety can also undergo bimolecular reactions involving
103 abstractions by the outer O in the peroxy group. Intermolecular isomerization
104 through the four-centered transition structure (TSP2) with a barrier of 38.2 kcal/mol
105 produces the experimentally detected 2-chlorobenzaldehyde in addition to the chain
106 propagating radical OH. Aromatic H abstraction could occur via the six-centered
107 transition structure of TSP4. The barrier for this channel amounts to 30.7 kcal/mol
108 and its product, the P4 adduct, resides 25.3 kcal/mol above the entrance channel. P4
109 can isomerize either into the phenolic moiety of P5 through a reaction barrier of
110 52.1 kcal/mol (TSP5) or into the two-membered ring structure of P6 with a
111 calculated reaction barrier of 48.2 kcal/mol (TSP6). Based on the pathways from
112 Fig. 1, the oxidation of 2-CT produces two potential precursors, the 2-chlorophen-
113 oxy radical and the thermodynamically favoured phenolic moiety of P5. As the
114 activation barriers of the initial channels in the decomposition of the 2-chlorobenzyl
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115 peroxy adduct are similar, the pathways into 2-chlorophenoxy, phenolic moiety (P5)
116 and 2-chlorobenzaldehyde are expected to be of competitive importance.
117 As in the 2-CT molecule the bond dissociation energy between aromatic C and Cl
118 is only 3.8 kcal/mol larger than that between the methyl C and H, the
119 2-methylphenyl radical could also be formed. Further reaction of the methylphenyl
120 radical with the oxygen molecule affords 2-methylphenylperoxy radicals. Thus, the
121 2-methylphenylperoxy adduct can be regarded as an important intermediate in the
122 initial oxidation of the 2-CT molecule. Moreover, the methylphenyl radical has been
123 shown to be an important intermediate from the unimolecular rearrangement of the
124 methylbenzoxy radical; viz., an initial major adduct in the oxidation of toluene [18].
125 Additionally, methylphenoxy radicals can also be formed via H abstraction
126 reactions involving the peroxy moiety in the parent 2-methylphenylperoxy adduct.
127 It is expected therefore that appreciable concentrations of methylphenoxy radicals
128 may lead to the formation of PCDD/F.
129 It is well known that the peroxy radicals become important combustion
130 intermediates in the low-temperature combustion (500–1,000 K) with the R–OO
131 bond energy typically in the range of 30.0–40.0 kcal/mol. The calculated R–OO
132 bond energy in the 2-chloro-benzyl peroxy radical is found to amount to 14.5 kcal/
133 mol. This value is very close to the corresponding R–OO bond energy in the
134 benzylperoxy system calculated at the same level of theory [14]. It follows that the
135 reverse dissociation reaction into 2-chlorobenzyl radical and oxygen molecule
136 requires significantly less energy than the other four initial exit channel shown in
137 Fig. 1. It will be insightful to compare between the benzylic peroxy systems and
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Fig. 1 Unimolecular decomposition of the 2-chlorobenzyl peroxy adducts (P1). All values are relative to
the initial reactants. Values in bold are the reaction energies and values in italic are the activation energies
at 0 K
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138 alky peroxy systems. In the latter, the R–OO bond energy is around 35.0 kcal/mol
139 [17]. Owing to stronger a R–OO bond, unimolecular isomerization in alkyl proxy
140 systems dominates the backward dissociation reaction. The shallow well-depth of
141 the 2-chloro-benzyl peroxy radical with respect to its separated reactants diminishes
142 the importance of unimolecular isomerization channels; and hence the overall
143 significance of the 2-chloro-benzyl peroxy radical in the low temperature oxidation
144 of 2-chlorotoluene. Nevertheless, 2-chloro-benzyl peroxy radical might be a long-
145 lived species to produce the P2 radical through bimolecular reactions with RH
146 species (P1 ? RH ? P2 ? OH ? R).
147 In order to assess the relative importance of each branching channel for the
148 2-chlorobenzyl peroxy adduct, we calculate apparent reaction constants at 1 atm for
149 isomerization of P1 into P3 and P4 in addition to its decomposition to
150 2-chlorobenzaldehyde molecule. Arrhenius parameters fitted in the intermediate
151 temperature range of 500–1,000 K are given in Table 1 for forward and reverse
152 reactions. Inspection of the reaction rate constants in Table 1 reveals that the two
153 isomerization reactions P1 ? P3 and P1 ? P4 are highly reversible and that the
154 formation of 2-chlorobenzaldehyde molecule is predicted to be the most important
155 unimolecular isomerization channel of P1.
156 Mechanism for the formation of PCDF
157 The presence of an oxygen-containing simple aromatic is a necessity in the
158 mechanism of formation of PCDD/F. Benzene, phenyl radicals, phenoxy and ortho-
159 quinone methide are found to be important intermediates in the oxidation of toluene
160 [18]. Furthermore, the phenoxy radical is an important initial intermediate from
161 combustion of benzene; i.e., a major product from the oxidation of toluene.
162 Accordingly, phenoxy, 2-chlorophenoxy and 2-methylphenoxy function as the
163 oxygen-transfer species in the constructed mechanism.
164 Herein, we construct a mechanism for the formation of PCDD/F from coupling
165 reactions involving various potential precursors and based on the well-established
166 mechanism for formation of PCDD/F from the oxidative coupling of phenol/
167 phenoxy systems.
168 First, formation of dibenzofuran is investigated from the coupling of phenoxy
169 and 2-CT in Fig. 2a. The combination of an oxygen-centred phenoxy radical with
170 the 2-CT molecule produce two mesomers, i.e., A1 via the transition structure TSA3
171 and A2 via the transition structure TSA1. Geometries for all transition structures are
172 depicted in Fig. 3. Formation of A1 and A2 require activation energies of 26.4 and
173 24.0 kcal/mol, respectively. The formation of A1 and A2 is predicted to be
174 endoergic by 19.1 and 16.4 kcal/mol, respectively. Bridging the C–C linkage from
175 A1 to A5 should be hindered due the substantial energy barrier associated with the
176 transition structure TSA5, viz., 106.0 kcal/mol. Expulsion of methane molecule
177 from A5 would yield dibenzofuran only through an excessively high barrier of
178 138.0 kcal/mol above the entrance channel, via the transition structure TSA5.
179 The departure of a methyl group from A2 is found to be barrierless and
180 thermodynamically neutral (i.e., 0.3 kcal/mol that is most likely to reside within the
181 computational accuracy limit). Ring closure of A3 into A4 is encountered with an
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182 energy barrier of 102.2 kcal/mol characterized by the transition structure TSA2.
183 Formation of A4 is predicted to be highly endoergic by 97.4 kcal/mol, in reference
184 to the entrance channel. Direct expulsion of the out-of-plane H atom from A4
185 affords the dibenzofuran molecule. Due to the high energy demand of the
186 mechanism for the combination of phenoxy and the 2-CT molecule, it is highly
187 unlikely that pathways illustrated in Fig. 2a contribute significantly to the formation
188 of PCDF.
189 In Fig. 2b, the mechanism for the formation of 2-chlorodibenzofuran isomer is
190 investigated for the closed shell coupling of carbon centered phenoxy radical with a
191 2-chlorobenzyl radical at the position of its ortho C–H group. Initial coupling via
192 TSA6 requires a modest barrier of 9.9 kcal/mol and the formed bis-keto mesomer
193 resides 4.5 kcal/mol above the entrance channel. Enolization step A6 to A7 is
194 exoergic by 15.1 kcal/mol and occurs through a barrier of 55.6 kcal/mol via TSA7.
195 In the next step, the hydroxyl H atom is transferred to the CH2 group forming the
196 intermediate A8 via a trivial barrier of 5.5 kcal/mol imposed by TSA8.
197 Structure A8 resides 55.2 kcal/mol below the entrance channel. Despite several
198 attempts, we were unable to find a transition structure connecting A6 and A8
199 directly. Ring closure of A8 produces the intermediate A9 in an exothermic reaction
200 through a barrier of 13.6 kcal/mol (TSA9). The overall energy barrier for the entire
201 mechanism is associated with the energy barrier of TSA10, i.e., 59.2 kcal/mol. The
202 final products, 2- chlorodibenzofuran and CH4, are in an energy well of depth
203 58.6 kcal/mol. The energetics calculated for the phenoxy ? 2-chlorobenzyl system
204 is in relative agreement with the corresponding values calculated for the self-
205 condensation of 2-chlorophenoxy radicals. For instance, the overall activation
206 barrier for the formation of 4,6-dichlorodibenzofuran from the self-condensation of
207 two 2-chlorophenoxy radicals is found to be 53.0 kcal/mol [3]; i.e., very similar to
208 the corresponding value in Fig. 2a of 55.6 kcal/mol. Additionally, the overall
209 activation barrier is significantly lower than that of phenoxy ? 2-CT. This
210 demonstrates the importance of the 2-chlorobenzyl radical as a major precursor
211 for the formation of PCDF.
212 Fig. 2c shows pathways for the formation of dibenzofuran and 1-chloro-
213 dibenzofuran from the closed-shell coupling of a 2-CT and a 2-chlorophenol (2-CP)
214 molecule. In the upper pathway, the oxydibenzene structure of A10 is formed
215 through an activation barrier of 57.6 kcal/mol via TSA11 in a slightly endoergic
Table 1 Apparent reaction rate constants at 1 atm for the unimolecular isomerisation of the 2-chloro-
benzyl proxy fitted in the temperature range of 500–1,000 K
Reaction Forward Backward
A (s-1) Ea (cal mol-1) A (cm3,
molecule, s-1)
Ea (cal mol-1)
P1 ? P3 6.67 9 1013 35,800 2.18 9 1014 3,500
P1 ? P4 7.24 9 1011 31,100 3.39 9 1011 5,400
P1 ? 2-chlorobenzaldehyde ? OH 1.95 9 1012 38,100 1.12 9 10-12 66,000
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Fig. 2 Pathways for the formation of PCDF. All values are relative to the initial reactants. Values in bold
are the reaction energies and values in italic are the activation energies
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216 reaction of 8.2 kcal/mol. In TSA11, the hydrogen atom of the hydroxyl group of the
217 2-CP molecule combines with the Cl atom of the 2-CT molecule. Along the lower
218 pathway, a hydrogen molecule is eliminated upon attack of the hydroxyl group on
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Fig. 3 Geometries of transition state structures. Interatomic distances are in A˚
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219 the ortho bonded H atom in the 2-CT molecule via a very large reaction barrier of
220 101.4 kcal/mol via TSA13. The subsequent mechanism leading to the final products
221 exhibits substantial energy barriers. Thus, it is unlikely that coupling of 2-CP and
222 2-CP molecules contribute to the formation of PCDF.
223 Fig. 4 depicts plausible routes for the formation of PCDF from the cross coupling
224 sites of both 2-methylphenoxy radicals at the carbon-hydrogen centered radical
225 mesomers. A unimolecular-derived pathway into 4,6-dimethyldibenzofuran is
226 shown in Fig. 4a. The barrierless formation of the initial coupling product of the
227 di-keto dimer (M1) is slightly exoergic. A single hydrogen atom transfer from the
228 C–C bridge in M1 into the neighboring oxygen keto atom marks the overall
229 activation barrier of the entire pathway via TSM1. The barrier of this hydrogen
230 transfer process is found to amount to 44.1 kcal/mol, with respect to the entrance
231 channel. The resultant produced enol-keto intermediate of M2 is predicted to lie
232 26.1 kcal/mol below the initial reactants. M2 can either branch into the enol–enol
233 intermediate of M3 via TSM3 or undergo a ring-closure to the intermediate M4 via
234 TSM2. As shown in the optimized structure in Fig. 3, TSM3 resembles a concentric
235 movement of two hydrogen atoms. TSM3 is associated with a reaction barrier of
236 18.4 kcal/mol above the enol-keto intermediate of M2; i.e., lower by 11.0 kcal/mol
237 than the corresponding barrier associated with TSM2. Dehydration reactions from
238 M3 and M4 can yield a 4,6-dimethyldibenzofuran molecule in further exoergic
239 reactions. These reactions, however, have sizable activation barriers of 64.1 kcal/
240 mol (TSM5) and 30.8 kcal/mol (TSM4).
241 The open-shell reaction mechanism shown in Fig. 4b is brought about by OH
242 radicals that should be readily available under oxidative conditions. Abstraction of
243 one H atom from the C–C bridge in M1 occurs with a trivial reaction barrier of
244 1.5 kcal/mol (TSM6) with respect to its preceding reactants (OH and M1). Then, the
245 remaining H atom on the C–C bridge migrates to the neighboring oxygen atom with
246 a barrier of 46.7 kcal/mol. This barrier is close to the corresponding value found in
247 the closed-shell pathway. However, it is 15.7 kcal/mol lower than the separated
248 reactants (OH and two 2-methylphenoxy radicals). Subsequent steps into the 4,6-
249 dimethyldibenzofuran moiety are highly exoergic with rather modest reaction
250 barriers. Based on the facile transformation of two 2-methylphenoxy radicals into a
251 dibenzofuran moiety assisted by OH radicals, it is anticipated that these pathways
252 will contribute significantly to the yield of PCDF.
253 Mechanism of formation of PCDD
254 As discussed earlier, the 2-methylphenoxy radical is expected to be an important
255 intermediate in the initial oxidation of the 2-CT molecule. The mechanism
256 presented here stems from the 2-methylphenoxy radical, as the most probable
257 precursor for the formation of PCDD in our system.
258 Fig. 5a illustrates pathways for the formation of PCDD from the self-
259 condensation of two 2-methylphenoxy radicals. Two pre-dioxin intermediates can
260 be initially formed, D1 and D2. These intermediates are formed upon the attack of
261 phenolic oxygen on an ortho hydrogen and methyl bearing sites, in the other radical
262 in exoergic reactions of 12.2 and 8.2 kcal/mol. The formation of these two
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263 intermediates is predicted to take place without encountering discrete TS. The pivot
264 hydrogen in D1 and methyl in D2 could easily depart these two moieties, either by
265 self-expulsion or through bimolecular reactions involving the radical pool.
266 Nevertheless, we only consider here direct fissions of C–H and C-CH3 bonds in
267 D1 and D2 to produce D3 and D4 intermediates in endoergic reactions of 51.8 and
268 35.0 kcal/mol, respectively. Ring closures of D3 and D4 afford D5 and D6
269 intermediates, respectively through very similar reactions barriers of 27.7 kcal/mol
270 (TSD1) and 26.3 kcal/mol (TSD2). Finally, the out-of-plane CH3 groups could
271 depart D5 and D6 moieties through TSD3 and TSD4 climbing modest reaction
272 barriers of 21.6 and 16.2 kcal/mol, respectively. It is worth noting the overall energy
273 change for the mechanism in Fig. 5a could be greatly reduced when considering
274 bimolecular reactions in an analogy to the finding of the open-shell formation of
275 PCDF versus the corresponding closed-shell formation (Fig. 4). Overall, energy
276 barriers for reactions shown in Fig. 4 match the corresponding values for the system
277 of self-coupling of 2-chlorophenoxy radicals; most notably for the enolization and
278 water elimination steps.
279 Fig. 5b displays pathways for the formation of moieties of PCDD from the self-
280 condensation of two 2-chloromethylphenoxy radicals. The aim is to compare the
281 effect of chlorine atom in facilitating initial coupling/ring-closures with that of the
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Fig. 4 Pathways for the formation of PCDF from 2-methylphenoxy radicals. All values are relative to
the initial reactants. Values in bold are the reaction energies and values in italic are the activation energies
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Fig. 5 Pathways for the formation of PCDF. All values are relative to the initial reactants. Values in bold
are the reaction energies and values in italic are the activation energies
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282 methyl group. The initial coupling product of D7 formed upon attack on a methyl
283 ortho site is thermodynamically preferred to coupling at a chlorine ortho bearing
284 site, i.e., -6.5 versus 21.3 kcal/mol. It is found that the chlorine atom is
285 subsequently ejected upon formation of an ether linkage. The D8 intermediate can
286 undergo two cyclisation reactions via TSD8 and TSD9 toward methyl and chlorine
287 bearing sites, respectively, with very similar reaction energies (49.5 versus
288 49.0 kcal/mol). The corresponding ring-closure reactions, from the D9 intermediate,
289 also exhibit very similar activation barriers. This indicates that the presence of a
290 methyl in the ortho position facilitates the initial coupling process over that of a
291 chlorine in the ortho position. However, both positions incur similar activation
292 barriers in the subsequent ring-closure step. Fig. 5c shows that a pathway from the
293 2-methylphenoxy radical and the 2-CP molecule is unlikely to contribute to the
294 formation of PCDDs in view of the excessive energy barrier for the elimination of
295 the methane molecule via TSD11 (97.4 kcal/mol) in the first step. The striking
296 difference between reaction pathways shown in Fig. 5 and analogous steps in the
297 system of two 2-chlorophenoxy systems [3] is that ring-closure steps in the former
298 requires significantly higher energy barrier.
299 Conclusions
300 Pathways involving 2-chlorotoluene molecule and phenoxy radical to yield
301 dibenzofuran are found to be hindered in view of their sizable activation energies.
302 Most feasible pathways are expected to proceed through 2-chlorobenzyl radicals
303 and 2-methylphenoxy radicals, major initial intermediates from the initial oxidation
304 of 2-chlorotoluene. Closed and open shell reaction pathways for the formation of a
305 dibenzofuran moiety are found to occur via accessible energy steps. The reaction
306 potential energy surface is mapped out for the formation of dibenzo-p-dioxin
307 moieties from self-condensation of 2-methylphenoxy radicals. As toluene (and its
308 substituted isomers) is formed invariably from the oxidation of all aromatics,
309 mechanistic pathways investigated in this study should provide important informa-
310 tion on a previously unknown source of PCDD/F.
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